A simple method for the fabrication of highly photoactive nanocrystalline two-layer TiO 2 electrodes for solar cell applications is presented. Diluted titanium acetylacetonate has been used as a precursor for covering SnO 2 :F (FTO) films with dense packed TiO 2 nanocrystallites. The nanoporous thick TiO 2 film follows the dense packed thin TiO 2 film as a second layer. For the latter, amorphous TiO 2 nanoparticles have been successfully synthesized by a sol-gel technique in an acidic environment with pH < 1 and hydrothermal growth at a temperature of 200
Introduction
Photoactive nanocrystalline TiO 2 films are regarded as the basic component of dye-sensitized and quantum-dot-sensitized solar cells [1] [2] [3] [4] . The fabrication procedure for TiO 2 electrodes includes synthesis of nanoparticles, deposition of nanoporous films composed of nanoparticles, and activation of the nanocrystalline films for dye absorption. The photocatalytic activity of nanocrystalline TiO 2 films strongly depends on the size and structure of the nanoparticles, on the interconnection between them as well as on the surface activity and porosity of the films.
Amorphous TiO 2 nanoparticles for solar cell applications are usually synthesized by a sol-gel technique either in an acid or a basic environment [5] [6] [7] . The size, the shape and the crystal structure of nanoparticles are controlled by the pH of the synthesis environment and by the temperature of hydrothermal growth (autoclaving) [8] [9] [10] [11] [12] [13] . A concentrated gel composed of amorphous TiO 2 nanoparticles is deposited on transparent conductive substrates such as FTO and ITO (In 2 O 3 :SnO 2 ). Heat treatment at higher temperatures follows the deposition for both crystallization and interconnection of the TiO 2 nanoparticles.
The performance of the solar cell is significantly improved when the nanoparticles are better interconnected with each other [14] [15] [16] . The viscosity of the gel composed of particles has a direct influence on particle interconnection in the films fabricated from that gel. Organic binders are usually added to increase the viscosity of the colloid solution in order to improve the interconnection of nanoparticles. As a consequence of this, difficulties have arisen in removing all the organic traces from the nanocrystalline films. However, the viscosity can be enhanced not only by adding binders, but also by increasing the pH of the colloid solution. It is known that slurry is most viscous at the point of zero charge (PZC) of its nanoparticles [17] . As the PZC of anatase TiO 2 is at pH 6.2 [19] by changing the pH of the TiO 2 gel close to this point, the gel will become more viscous. A photocurrent density of J sc = 7.06 mA cm −2 and conversion efficiency of 3.52% have recently been achieved in dye-sensitized solar cells (DSSC) fabricated in this way at low temperatures from the colloid gel with pH 3.1 [18] . The authors increased the viscosity of TiO 2 gel by adding basic ammonia to the binder-free acidic gel. It has also been reported that further adding of ammonia to the colloid solution does not significantly increase the pH, and therefore the viscosity, of the slurry [18] .
In this paper, we report on a new simplified method of fabrication of highly photoactive two-layer nanocrystalline TiO 2 electrodes. The method includes using diluted titanium acetylacetonate as a precursor for deposition of dense packed nanocrystalline thin TiO 2 films by spray pyrolysis. Afterwards the binder-free TiO 2 gel, pH 5, is deposited on the dense films by a doctor-blade technique.
The pH value of 5 of the concentric gel was reached by modifying the environment of the sol to pH 0.95 before hydrothermal growth. Ammonia hydroxide was used to neutralize the acidic TiO 2 gel reaching a pH close to the anatase PZC. SEM, AFM and XRD analyses revealed that adding basic ammonia to the acidic gel has a significant influence on crystallization, interconnection and surface activity of TiO 2 nanoparticles. Analyzing the photocurrent-voltage characteristics of DSSC, we have come to the conclusion that ammonia improves interconnection of TiO 2 nanoparticles and increases the overall conversion efficiency of DSSCs by approximately 30% due to discharging the environment of nanoparticles. Though the proposed method has not been completely optimized yet, a conversion efficiency of 8.83% has already been achieved under illumination by simulated AM 1.5 solar light (100 mW cm −2 ). The developed technique simplifies the fabrication of highly active nanocrystalline TiO 2 photoelectrodes. It avoids some standard procedures of fabrication such as adding the binder, activating the surface of TiO 2 nanoparticles by treating films in the TiCl 4 aqueous solution, and immersing the hot electrodes into a dye solution.
Experimental details

Colloid synthesis
The amorphous TiO 2 nanoparticles were synthesized by the sol-gel method using titanium alkoxide as a titanium source [5, 6] . Titanium (IV) isopropoxide (Sigma-Aldrich, 97%) 37 ml in 10 ml 2-propanol (Fluka, 99.8%) was slowly dripped over 40 min into a stirred mixture of 80 ml glacial acetic acid containing 250 ml of deionized water cooled in an ice bath. 0.06 M HNO 3 (Fluka, 65%) was added dropwise to the white resultant under stirring. The slurry became a translucent blue-white liquid with a pH between 0.95 and 0.98 measured by pH meter (Suttex Microprocessor SP2200) at a temperature of 21
• C. To complete the peptization, the translucent liquid was heated at 80
• C in an oil bath for 8 h under stirring. The resultant suspensions were treated hydrothermally at 200
• C for 12 h. These autoclaving conditions gave rise to the average nanoparticle size of 20 nm. After autoclaving, the pH of the colloid solution was measured at 20
• C to be between 2.05 and 2.1. Then the colloid solution was sonicated in an ultrasonic bath (5 × 1 min at 250 W) for 5 min. Finally, the amorphous TiO 2 nanoparticles were separated from the solvent by centrifugation at 5000 rpm for 15 min.
Transparent conductive substrates
SnO 2 :F (FTO) plates (Solaronix, 10 / , TCO glasses, 1 mm thick) were used as transparent conductive substrates for deposition of TiO 2 semiconductor films. Since the microscope investigations of FTO films revealed some damage to the surface after cutting, the films were covered by photoresist (Shipley 1818) to protect the surface of the FTO film. The sprayed thick layer of photoresist was dried at room temperature for 2 h. The cut FTO glasses were cleaned by subsequent sonication in acetone, ethanol, Hellmanex (Hellma GmbH & Co.), then in deionized water and again in ethanol (for 15 min in each solvent). The cleaning in acetone easily removed the photoresist from the FTO surfaces as we did not use temperatures above 100
• C to make the photoresist firm. The cleaned substrates were kept in ethanol before use.
Dense nanocrystalline film deposition
The nanocrystalline TiO 2 films were deposited by a spray pyrolysis method, as described earlier [20] . The cleaned FTO substrates were dried in flowing nitrogen. Then the substrates were located on a hot-plate (Cimarec) and heated for 30 min at 510
• C before spraying. It is known that all organics from the films can be burned out by annealing them above 450
• C [20] . During the spraying procedure, a narrow part at the edge of the FTO was protected from the TiO 2 deposition by a FTO glass mask. Di-iso-propoxy titanium bis-(acetylacetonate) (TAA) was used as a source of titanium. The precursor was prepared by mixing 0.1 M of titanium tetra-isopropoxide (Sigma-Aldrich, 99.99%) and 1.2 M acetylacetone AcAc (Fluka, 99.9%) in ethanol. A chromatographic atomizer was used to spray layer-by-layer the solution of acetylacetonate onto the 510
• C heated substrates. Each portion of the precursor was sprayed after a pause of 20 s to complete the pyrolysis of the previous layer and to restore the initial substrate temperature. The deposited films were annealed at 500
• C for 30 min in the air to complete the crystallization of TiO 2 nanoparticles and remove the remaining organic traces.
Nanoporous electrode fabrication
The environment of the slurry was changed from pH 2.6 to 5 by adding 0.01-0.06 M NH 4 OH (Riedel-de Haën, 33%) to every 10 g of the centrifuged acidic resultant. The TiO 2 slurry was carefully stirred and immediately printed by a doctor-blade technique on the substrates covered with the TiO 2 nanocrystalline dense films. Scotch Magic Tape with a thickness of 50 μm was used to provide contact areas on the FTO surface. After drying in the air for an hour, the films were gradually annealed: e.g. for annealing at 500
• C the program was first 75
• C for 15 min, then 150
• C for 15 min, afterward 300
• C for 10 min, and 500
• C for 15 min. The temperature was ramped up for 20 min at each step. The annealed TiO 2 electrodes were cooled down to room temperature and were then immersed into 0.5 mM D719 dye solution (Solaronix) made in acetonitrile (Echo, 99.98%) and tert-butanol (Fluka, 99%) 1:1 v/v solvent mixture. The electrodes were kept at room temperature for 4 days in the dark. After dye adsorption the color of the TiO 2 electrodes changed to a deep red. The colored electrodes were washed by acetonitrile from the excess dye solution and were held in absolute ethanol until the photovoltaic measurements.
Imaging, analysis and characterization
The crystallinity and the phase composition of the TiO 2 films were examined with Bruker-D8 x-ray powder diffractometer using Cu Kα radiation.
The size of particles and the morphology of the TiO 2 film surface were studied with an AFM-D3100 atomic force microscope and a Hitachi S-4800 high resolution SEM. The thicknesses of TiO 2 films were measured by an XP-1 surface profiler. The surface areas of the TiO 2 photoelectrodes were measured by a Marscam microscope. The absorption spectra of the multilayer photoelectrodes were investigated with a Varian Cray 50 spectrometer. The current-voltage characteristics of the photoelectrodes and solar cells were measured using a Kethley 2440 sourcemeter. An AM1.5 solar simulator (YSS-50, Yamashita Denso) with a 1000 W Xe lamp was employed as the light source. A calibrated Si cell was used as a reference.
Solar cell assembly
The dye-adsorbed TiO 2 photoelectrodes and the Pt counter electrodes were assembled into sandwich-type cells. Counter electrodes were prepared by dropping H 2 PtCl 6 (SigmaAldrich) solution on the FTO glass plates, drying in air for 10 min and heating at 400
• C for 15 min. A 60 μm thick polyethylene spacer was used to separate the TiO 2 electrode from the Pt counter electrode. The space between the electrodes was filled with a redox electrolyte consisting of 0. 
Results and discussion
The structure of the highly photoactive two-layer TiO 2 electrode is shown in figure 1 . The electrode consists of FTO film deposited on glass and covered with nanocrystalline TiO 2 dense thin film followed by nanoporous TiO 2 thick film. Microscope and AFM investigations of the FTO films revealed that a photoresistive layer did not remain on the FTO surfaces after the heating of glass substrates at 510
• C. We also found out that the dense TiO 2 films deposited on the FTO films were more homogeneous and compact, while the photoresist was used in a plate-cutting procedure. The photovoltaic measurements revealed that the more homogeneous and compact the deposited dense TiO 2 films, the better they prevent the liquid electrolyte from electrical connection with the FTO film. AFM images of the FTO film surfaces before and after deposition of the dense TiO 2 film are shown in figure 2. The FTO film consists of FTO collapses varying from 40 to 200 nm in diameter. These collapses are seen not to be packed densely into each other. Since the average thickness of the FTO films is 250-300 nm, only one or two layers of FTO collapses comprise the FTO films. The surface area difference (SAD), which is a parameter often used for characterizing the film surface in AFM image analyses [21] , is described by the following expression:
where SA is a three-dimensional surface area and PA is a twodimensional surface area produced by projecting the threedimensional surface onto the measured threshold plane. The AFM analyses of the images shown in figure 2 show that the average value of the SAD of the FTO films is 65%. This parameter decreases to 40% after deposition of the dense packed layer of TiO 2 nanoparticles on the FTO film. The densely packed TiO 2 film was deposited on the FTO glass by a spray pyrolysis method, as described in section 2.3. XRD analysis of dense TiO 2 films shows formation of the anatase phase after final annealing of the films at 500
• C. Thin of the solar cells were obtained after five or six consecutive sprayings cycles of precursor. The average thickness of the dense TiO 2 films was 60-70 nm, measured by profiler. Further spraying decreased the transparency of the FTO films and spoiled the fill-factor of the cells. An AFM image of the FTO film, covered with the annealed dense TiO 2 film, is shown in figure 2(b) . The AFM images of the FTO film surfaces reveal that the densely packed layer of TiO 2 nanoparticles fully covers the surface of the FTO collapses after five or six consecutive spraying cycles. The size of TiO 2 nanoparticles in the densely packed layer is seen to be approximately 20-30 nm. It is assumed that only two or three layers of the TiO 2 nanoparticles comprise the densely packed layer since the average thickness of the densely packed layer is 60-70 nm. Comparing the AFM images in figures 2(a) and (b), one can reveal that the FTO films consist of large and small FTO collapses and that the small FTO collapses disappear after the deposition of the TiO 2 nanoparticles. Evidently the deposited TiO 2 nanoparticles fill the small wells between small and large FTO collapses. Therefore, the film surface becomes flat at the grain boundaries between the small and large FTO collapses and the surface area difference of the FTO glass substrate decreases from 65% to 40% after the deposition of the dense TiO 2 film.
The nanoporous thick TiO 2 films were fabricated from the colloid of TiO 2 nanoparticles synthesized by the solgel method described in section 2. The average size of the TiO 2 nanoparticles is 20 nm in the colloid when the hydrothermal growth temperature is 200
• C and the pH of the sol is 0.95-0.98. This combination of autoclaving parameters used for synthesizing the TiO 2 gel was found to be crucial for fabrication of transparent and reproducible nanoporous TiO 2 films. The centrifuged initial resultant of the TiO 2 gel had a pH of 2.1. The pH of the final resultants used for deposition of nanoporous thick TiO 2 films varied from 2.62 to 5.01 by adding basic ammonia to the initial acidic resultants. Figure 3 displays the absorption spectrum of the FTO glass substrates. The transparency of the substrates is seen to be reduced a little after covering with a densely packed nanocrystalline TiO 2 layer. Nevertheless, the next deposition of the nanoporous thick TiO 2 film on the dense film is seen to be restoring the transparency. This effect is reproducible, although the reduction in the transparency is very small for some samples. The reduction in the transparency can be attributed to the additional reflection from the interface between the densely packed layer and the air. The AFM images in figure 2 show that the densely packed TiO 2 thin layer smooths the film surface at the grain boundaries between the small and large FTO collapses. Coating the pH 5 gel with the dense TiO 2 film is expected to introduce discharged TiO 2 nanoparticles into the large wells between large FTO collapses. The discharged TiO 2 nanoparticles stick better to the densely packed nanocrystalline TiO 2 layer and smooth the FTO film surface at the grain boundaries between large FTO collapses. Filling large wells between large FTO collapses should restore the transparency of the FTO glass substrates. We also observed that after the deposition of the dense and nanoporous TiO 2 films the low-transparent lusterless FTO glass substrates became even more transparent than the initial FTO substrates.
The most viscous anatase TiO 2 slurry has a pH of 6.2 [17, 19] . We investigated nanoporous thick TiO 2 films prepared from the colloidal resultants with pH 2.1, 2.6, 3.5, 3.85, 4.5 and 5, respectively. Initially, the centrifuged resultant of the TiO 2 gel used for film deposition had a pH of 2.1. By adding 0.005-0.06 M 33% NH 4 OH to the initial resultants, the pH of the resultants was varied from 2.62 to 5.01. The maximum pH achieved was 5.01, as further addition of NH 4 OH did not significantly change the pH of the centrifuged resultants and we did not reach pH 6.2 of the most viscous anatase TiO 2 slurry [17, 19] .
The SEM and AFM images of the nanoporous TiO 2 films show that ammonia induces the formation of nanoporous films divided by 'channels' into 'blocks' as shown in figures 4(a) and 5(d). The formation of 'blocks' and 'channels' had been also reported by Hart et al [22] . We found that the films fabricated from almost ammonia-free TiO 2 slurry, pH < 2.6, were uniform and did not have any 'channels' or 'blocks' as shown in figure 5(a) . The film shown in figure 5(a) was annealed by a standard heating program (75
• C for 15 min, at 150
• C for 15 min, at 300
• C for 15 min and at 500
• C for 15 min in the air). The temperature was ramped up for 20 min at each step of this standard heating program. The same morphology shown in figure 5(a) had films fabricated from the same slurry, pH < 2.6, and annealed for a longer time at 350
• C or higher temperatures. Furthermore, the films fabricated from the TiO 2 slurry with added ammonia, pH > 2.6, and annealed by the same standard heating program or at 350
• C and higher temperatures were divided by 'channels' into 'blocks' shown in figures 4(a) and 5(d). Figure 5 (d) exhibits an essentially different structure of the 'channels' and 'blocks'. This film was fabricated from the TiO 2 slurry with excess ammonia and annealed by a standard heating program.
The films fabricated from the TiO 2 slurry with added ammonia, pH > 2.6, annealed by the heating program at 100
• C for 15 min and at 300
• C for 15 min in the air, had no 'channels' and 'blocks' and looked like the film shown in figure 5(a) . However, formation of 'channels' and 'blocks' appeared when these films were annealed for longer at 300
• C or at lower temperatures. For instance, figure 5(b) exhibits the morphology of the film fabricated from the slurry with pH 5 and annealed at 300
• C for 60 min, and figure 5(c) exhibits the morphology of the film fabricated from the slurry with pH 5 and annealed at 250
• C for 240 min. Hence, the formation of the 'channels' and 'blocks' does not strongly depend on the annealing regime of the films. However, it evidently depends on the presence of ammonia in the gel. Thus, the simultaneous occurrence of partially discharged and positively charged nanoparticles can bring about the formation of such films during the crystallization.
The SEM image of the 'channeled' nanoporous TiO 2 film is shown in figure 4 . The 'blocks' seem to be separated from each other by 'channels', as shown in figures 4(a) and (b). Under the higher resolution displayed in figures 4(c)-(e), the SEM analysis reveals that nanoparticles also fill the 'channels' between the 'blocks'. Nevertheless, the density of these nanoparticles placed within the 'channels' is abruptly reduced at the edge of the 'blocks'. The reduction in the density is so abrupt that the nanocrystalline TiO 2 dense thin film covering the FTO collapses is clearly seen in the 'channels' shown in the figure 4(f). This picture demonstrates how important the growth of the dense films on the conductive substrate is. In the 'channels' the liquid conducting electrolyte is separated from the FTO film at least by the dense film. Therefore, the dense film of TiO 2 nanoparticles must be well packed and have no porosity to avoiding current leakage and short-circuiting in the cells.
Analyzing the AFM images of the nanoporous TiO 2 films it is observed that the SADs are increased along with increase in the annealing temperature of the films above 350
• C and the amount of ammonia in the colloids. It is noteworthy that the AFM analyses reveal that the SADs in the 'channels' are approximately the same as in the 'blocks' shown in figure 6 .
XRD analysis was used to determine the crystal structure and the phase formation of the samples. Figure 7 shows significant differences in intensities of the XRD diffraction peaks of the nanocrystalline films fabricated with and without ammonia under the same annealing conditions. The intensity of the TiO 2 anatase peaks is approximately the same for the films with added ammonia annealed at 150
• C for 1 h, 250
• C for 3 h, and the ammonia-free films annealed at 500
• C for 15 min. However, the intensity of the peaks is seen to be significantly increased for the films with added ammonia annealed at 500
• C for 15 min. The increased intensity of the peaks can be attributed to the co-orientation of the nanocrystallites in the films annealed at higher temperatures. Since the discharged nanoparticles are in better contact with each other, the nanocrystallites heated up to 500
• C can gain the interface strain energy by adjusting the orientation of nanocrystallites and creating dislocation-free interfaces. Therefore, the electrons generated in the conduction band of the ammonia-based films fabricated at 500
• C can easily • C for 15 min, 150
• C for 15 min, 300
• C for 15 and 500
• C for 15 min.
pass through the interfaces between nanocrystallites. This could why higher photoactivity is achieved in discharged nanocrystallites annealed at higher temperatures. The photovoltaic measurements were carried out for a few hundred samples. Since these characteristics depend on the amount of ammonia in the slurry and on photoactive surface areas as well as on the thickness of the nanoporous films, we separated the data obtained for samples that have approximately the same photoactive surface areas and the same nanoporous film thickness.
The dependence of conversion efficiency and photocurrent density on the annealing temperature was investigated on the basis of these data. Figure 8 displays these dependences for approximately 5 μm thick films with 0.12-0.14 cm 2 active surface areas fabricated by a one-coating procedure. The dependences obtained for the films fabricated from the TiO 2 colloid with added ammonia, pH 5, and that from the ammonia-free TiO 2 colloid, pH 2.1, are also compared with each other in figure 8 . Each point in figure 8 represents the averaged data obtained from 10-20 samples. The standard variation of each point is approximately 15% of its value. Figure 8 reveals that the photocurrents and the conversion efficiencies of both ammonia-free and ammonia-added cells increase almost linearly with increase in the annealing temperature from 150 to 500
• C. The slope of the lines is clearly seen to be larger for the cells with added ammonia. The increased slope correlates with AFM and SEM images which reveal the formation of a 'channeled' morphology in the films with added ammonia. No abrupt change triggered with the annealing temperature is seen in the structure of the films. Instead, the slow formation of the 'channeled' morphology was initiated at lower annealing temperatures, while for temperatures above 350
• C complete 'channeled' films were rapidly formed. We attributed the linear increase in the photocurrents and conversion efficiencies to improvement of the co-orientation and interconnection of nanocrystallites along with annealing of the films in the presence of ammonia. The improvement must also be attributed to the 'channeled' morphology of the nanoporous TiO 2 films. The increased photocurrents may imply that the 'channels' support better penetration and more absorption of dye molecules into 'blocks', as considered by Hart et al [22] . However, no essential color changes have been found among the samples annealed at different temperatures. Therefore, the improvement in efficiency can be associated with better penetration of dye molecules in the spaces between the dense and nanoporous TiO 2 films. Since the dense TiO 2 films actually create extremely narrow molecular pores, the dye molecules may, to some extent, be able to seal the molecular pores and suppress the current leakage through the molecular pores of the nanocrystalline TiO 2 dense thin films. AFM analysis of the nanoporous TiO 2 film surfaces also supported the suggestion concerning the sealing of the molecular pores. In most cases the SADs (1) were seen to be significantly increased (about twice) by adding ammonia. Obviously, the higher the roughness at the interface between the dense and nanoporous TiO 2 films, the better the dye molecules may penetrate into the space between the dense and nanoporous TiO 2 films and seal the molecular pores of the dense TiO 2 layers. Figure 9 displays the current-voltage characteristics of DSSC based on the nanoporous TiO 2 films. It is seen that fabrication with ammonia promotes an improvement in the performance of the cells. The highest conversion efficiency of 8.83% was exhibited by the cells incorporated into the 'channeled' nanoporous 13 μm thick films fabricated from the colloid with pH 5. The cell area, the fill-factor, the open-circuit voltage, and the short-circuit current were 0.12 cm 2 , 69.2%, 793 mV, and 16.1 mA cm −2 , respectively. For comparison, figure 8 also displays the current-voltage characteristics of the cells incorporated into the ammonia-free nanoporous 18 μm-thick films fabricated from the same initial colloid. The highest conversion efficiency in these cells was 6.61% while the cell area, the fill-factor, the open-circuit voltage, and the short-circuit current were 0.2 cm 2 , 66.2%, 819 mV, and 12.2 mA cm −2 , respectively. Understanding the factors that control parameters like photocurrent, photovoltage, dark current, fill-factor and conversion efficiency of DSSCs is an important topic for a b Figure 6 . AFM images of nanoporous film prepared from TiO 2 gel, pH 4.5, annealed subsequently at 100
• C for 15 and at 500
• C for 15 min in the air: (a) the scan of the 'channel' area: Rms (Rq) 10 nm; Ra 8 nm; surface area difference 50%; (b) the scan of the block area: Rms (Rq) 14 nm; Ra 11 nm; surface area difference 51%; (c) the image of the film surface. future studies. The data displayed in figures 7 and 8 show that adding ammonia to the TiO 2 slurry increases the overall conversion efficiency of DSSCs by approximately 30%, while the pH of the slurry was increased from 2.6 to 5.01. The increase in efficiency is associated with better interconnection of nanoparticles in the nanoporous TiO 2 films, higher homogeneity of pores and better separation of liquid electrolyte from FTO film. We have already achieved a conversion efficiency of 8.83% in the most efficient cell, although the proposed method has not been completely optimized yet. As already mentioned, the TiO 2 slurry is most viscous at pH 6.2 [17, 19] . We have already achieved pH 5 and are trying to get closer to pH 6.2. It is supposed that the more viscous the slurry is, the better the interconnection of nanoparticles and the higher the homogeneity of pores in nanoporous TiO 2 films. Therefore, more dye can be absorbed and higher photocurrent can be generated in cells fabricated from the most viscous TiO 2 slurry. We also found that the densely packed layer of TiO 2 nanoparticles deposited by spraying for more than five or six times decreased the fill-factor and the photocurrent of the cells. Therefore, fabrication of dense films with lower thickness can improve the efficiency Figure 7 . X-ray diffraction patterns of TiO 2 nanocrystalline film deposited on FTO substrates. FTO peaks also appeared on the diffraction peaks. (a) TiO 2 film prepared from the ammonia-free colloid with pH 2.1, followed by heat treatment at 500
• C for 15 min; (b)-(d) TiO 2 films prepared from the ammonia-added colloid with pH 5.0, followed by heat treatment at 150
• C for 60 min, at 250
• C for 180 min, at 500
• C for 15 min, respectively. of cells. Our aim is to improve the deposition of dense films to achieve more homogeneity and better packed thinner films by decreasing the size of nanoparticles.
Conclusion
In summary, using an easy and a cheap technique we have been able to fabricate highly active transparent conductive nanocrystalline TiO 2 photoelectrodes from discharged nanoparticles. We have shown that the nanoporous nanocrystalline TiO 2 films fabricated with ammonia improve the performance of DSSCs. SEM, AFM and XRD analyses revealed a significant difference in both surface morphology and crystal structure of ammonia-based and ammonia-free mesoporous TiO 2 films. The conversion efficiency of these DSSCs was increased from 6.61% to 8.83% along with increasing pH of the TiO 2 binderfree acidic colloid from 2.1 to 5 and modification of the surface morphology. Analyses of the photocurrent-voltage characteristics revealed that the improved performance was associated with better interconnection and co-orientation of nanocrystallites in the films fabricated with ammonia. The proposed method simplifies the technique for fabricating the photoelectrodes by avoiding some standard procedures such as adding the binder, treating the nanoporous TiO 2 surfaces, and immersing the hot electrodes into the dye.
